Fruit and vegetable processors, faced with the challenge of gaining and maintaining a healthy position in the competitive fruit and vegetable sector, are optimising traditional processes towards product quality. Using frozen potatoes as a case study, the aim of this study was to evaluate the potential of improving the texture of potatoes by modifying the processing conditions. The texture of processed frozen potatoes is the result of the integral effect of the unit operations applied through the production chain. Production of frozen potatoes includes a blanching, a freezing, thawing/cooking step before being served. In this study, blanching temperatures from 70 to 97 °C up to 10 minutes were tested and combined with freezing by two freezing methods, impingement and air-blast freezing. The texture was measured after cooking of frozen potatoes in boiling water. Besides texture, water holding capacity, microstructural evaluation and pectinmethylesterase (PME) activity were determined. Blanching of potatoes prior to freezing can both improve water holding capacity and texture of potatoes, but this effect depends on the freezing rate and blanching temperature. Potatoes frozen with fastest freezing method are firmer and hold more water than the ones frozen by air-blast freezing. Blanching at 70 °C can lead to potatoes that after cooking retain a firmer texture, compared with blanching at 90 °C. The duration of the blanching treatment has also an important effect on texture changes. The studies of PME activity showed a good correlation between texture and PME for blanching at 90 °C, but for blanching at 70°C and longer times, the development of texture does not seem to be solely related to PME activity. Microstructural studies showed that the differences in texture are due to differences in the degree of starch gelatinisation and integrity of the cellular structure.
INTRODUCTION
Fruit and vegetable processors, faced with the challenge of gaining and maintaining a healthy position in the competitive fruit and vegetable sector, are optimising traditional processes towards product quality. Texture is one of the most important sensory characteristics of fruits and vegetables and one of the most affected by processing. Softening and subsequent loss of integrity of fruit and vegetable pieces during processing are common problems. Consumers want products with a firm, well-shaped and uniform texture all year around. However, the texture of fruits and vegetables received as raw materials by the food industry is not uniform. Factors like variety, maturity, and storage conditions, as well as growing and weather conditions influence the texture of fruit and vegetables. Therefore, there is a need to modify the processing conditions depending on the quality of the raw materials. Nevertheless there is very limited information about how to modify the process in order to produce a given texture.
The texture/structure of processed fruits and vegetable products is the result of the integral effect of the unit operations applied through the production chain of such products. The thermal processes involved in the production and preparation of frozen vegetables such as blanching, freezing and subsequent home preparation (thawing and cooking) can greatly affect the texture of the product reaching the consumer's table.
A number of methods are available to the industry to avoid the excessive softening caused by heat processing. Low blanching temperatures and addition of calcium are two of the most common processes that have been industrially used (Fennema, 1976) . Blanching of vegetable tissue at low temperatures can reduce the softening caused by further heat treatment. For example, blanching carrot tissue at 50 °C for 30 minutes will render the tissue extremely difficult to cook. The hardening effect caused by blanching at low temperatures during long times is not well understood. The firming of vegetables caused by moderate temperature blanching (50-80 °C) before cooking has been explained by modification on starch structure and/or modification on pectin structure. Reeve (1972) reported that pre-heating decreased the swelling behaviour of the starch granules. Vegetables containing no starch also show a firming effect caused by low temperature blanching (Lee et al., 1979; Bourne, 1982) . Modifications of pectin during processing can result from changes in the binding between pectin chains, from β-elimination or from the action of endogenous/exogenous pectin degrading enzymes, such as pectinmethylesterase (PME) and polygalacturonase (PG). More recent works carried out within the framework of the EU-AIR project lead to further elucidation about the effect of enzymatic activity, starch and cell structure on texture (van Dijk and Tijskens, 2000; Verlinden et al., 2000; Verlinden et al., 1995; Verlinden et al., 1996) .
The objective of this study was to understand the texture of potatoes, and its relationship with starch gelatinisation and pectinmethylesterase, by modifying processing parameters such as blanching temperature and freezing rate. The texture was evaluated in potatoes after home preparation process, in this case cooking.
MATERIAL AND METHODS

Potatoes
Potato tissue from variety Asterix (1,08 g/cm 3 ; TS content 20 %), mostly composed of storage parenchyma from the pith, was cut in 1-cm thick slices using a Hällde cutting machine. The size of the potato pieces was 4 × 3 × 1 cm. Potatoes were stored at 3-4 °C until be used.
Blanching and freezing
The blanching and freezing experiments were carried out at Frigoscandia Freezing Technology centre. Blanching took place in 14 litres water blancher containing 1% citric acid. For each trial 1-kg of potato cubes, were blanched at 70, 80, 90 or 97 °C up to 10 minutes. After blanching the samples were placed in cold water until the inner temperature of the potato cubes was 5 °C. During each batch, a thermocouple was placed in the centre of one potato piece to monitor the temperature during processing. Triplicates were made at each temperature. Potatoes were then frozen by impingement freezing (FPF -Flat Product Freezer (FMC); freezing time 3.5 minutes; air temperature -40 °C, air speed 40 m/s) or by air blast freezing (GC -GryroCompact Spiral freezer; freezing time 12 minutes; air temperature -35 °C, and air speed 2.8 m/s). Frozen potato pieces were packed in plastic packages and stored at -28°C until used for further analysis.
Water holding capacity (WHC)
The capability of the processed potato tissue (after blanching, freezing, thawing/cooking) to hold water was determined using the method developed by Funebo (2000) . In this method the amount of water that the tissue holds after centrifugation is measured. The frozen potatoes were gently thawed at 4 °C for about 17 hours and then a 10g sample was weighed and placed in a tube containing 20g of glass pearls. After centrifugation at 800 rpm for 10 minutes (Hermle ZK 401 centrifuge) the sample was weighed again. The water holding capacity was expressed in percent as an average of two or three replicates.
Firmness (texture) measurement
Before the texture measurement, 120-130 g of frozen potatoes were boiled in water during 9 minutes and then cooled down in an ice water bath for 5 minutes. Firmness was measured using a puncture test, performed in a Texture Analyser TA-XT2 (Microstable systems). Measurements were performed at a crosshead speed of 50 mm/min with a 3-mm diameter punch. The probe was programmed to penetrate the sample 40 % of the original thickness. Ten samples from each batch were measured from each batch. The maximum penetration force, which is related to the firmness of the samples, was the parameter selected for further statistical analysis.
Microstructural Studies
Thin potato slices, 2 mm, were cut out from the centre of the potato pieces and rapidly frozen in liquid nitrogen. Sections were cut 10 µm thick in a cryostat, Leitz Kryostat 1720. The sections were placed on glass slides and stained with Lugol iodine, or Sevenel´s Blue. Lugol iodine stains amylose in blue and amylopectin in violet/brownish, and Stevenel´s Blue stains the cellulose material (cell walls) purple. PME analysis PME activity was assayed using a continuous spectrophotometric method according to Hagerman and Austin (1986) on extracts obtained from the potato samples. The D-galacturonic acid monohydrate and Pectinesterase (EC.3.1.1.11) from orange peel used for the calibration curves were obtained from Sigma Chemicals. Enzyme extraction: 22.5 g of potato was homogenised with 55 ml of 8.8 % cold NaCl for 4 minutes in a Braun minipimer mixer immersed in an ice bath. The homogenate was stirred for 15 minutes and then filtered. The filtrate was centrifuged (15 000 rpm at 4 °C for 20 minutes) and the supernatant was used after being filtered through a 45 µm micro filter as enzyme extract. Duplicates of extracts were made for each sample. Measurement of PME activity: The pH of pectin solution, BTB solution (Merck), destillated water and potato extracts were adjusted to 7.5 with 0.03-0.1 M NaOH. In a cuvette 0.30 ml potato extract was added to 2.00 ml of pectin solution, 0.15 ml of BTB (Herkules) and 0.55 ml distilled water and the residual enzyme activity was immediately assayed. The change in absorbance was measured during three minutes.
RESULTS AND DISCUSSION
Water holding capacity (WHC)
The water holding capacity gives a good measurement of the amount of cellular damage due to processing. The water holding capacity values presented in the figure 1 combine both the effects of blanching and freezing. Potatoes frozen by the rapid freezing process (FPF) showed a WHC between 90-94%, while potatoes frozen by GC showed a lower WHC (82-85%). The fast freezing rate of impingement freezing leads to the formation of very small ice crystals and therefore less damage on the cellular structure. For samples frozen by FPF, an increase in blanching temperature slightly increased the WHC, while for the GC freezing better WHC is observed at 70-80 °C compared with 90 and 97 °C.
As shown in figure 1 and 2 blanching before freezing, increases the water holding capacity of frozen potatoes. There is an increase in WHC up to 2-4 minutes of blanching, and then a decrease in the WHC capacity. In this study, only potatoes blanched at 90 °C for 10 minutes showed a WHC lower than samples frozen without blanching.
Texture/ Firmness and microstructure
The texture was measured after cooking the frozen potatoes for 9 minutes in boiling water. This cooking process simulates one of the possible ways to prepare frozen potatoes at home. There is a trend to decrease the firmness of cooked potatoes by increasing the blanching temperature from 70 to 97 °C. The rate of decrease depends on the freezing rate (figure 3). The texture of potatoes that were frozen with fastest freezing method (FPF) are firmer than the ones frozen by air blast freezing (GC).
The micrographs in the figure 3 show light microscopy pictures of the starch phase and the cell matrix. The impingement freezing (micrograph a) resulted in almost intact cells with the gelatinised starch still inside the cells. In the GC samples (micrograph b) the still intact cells are found swollen individually in a matrix of gelatinised starch and broken cells, leading thereby to a lower firmness value. The difference in microstructure between the two freezing methods can be related to the freezing rate, where FPF results in an almost immediate freezing with only slight water movement during the ice crystal formation leading therefore to very small ice crystals.
The duration of the blanching treatment has also an important effect on potato texture. The effect of blanching time at 70 and 90 °C on texture of potatoes frozen by FPF can be observed on figure 4.
Blanching at 70 °C clearly improves the texture of potatoes compared with blanching at 90 °C for blanching times higher than 2 minutes. An increase in firmness is noted at 2 minutes blanching, which coincide with an increase in WHC (figure 2). It is probably related either to the gelatinisation process of the starch grains in the cell, and/or to the activation of pectinmethyesterase (PME). Micrographs a and b in figure 4 show the cell membranes in the potato samples after cooking. The cells are more separated at 90 °C than at 70 °C, and the extension of starch gelatinisation is larger in samples blanched at 90 than at 70 °C.
Pectin methylesterase (PME) Activity
Pectinmethylesterase (PME) is an enzyme that is commonly found in fruits and vegetables. Pectinmethylesterase is a cell wall bound enzyme in fruits and vegetables that hydrolyses the methylester groups ( -COOCH3) from the pectic material leaving free carboxyl groups (-COOH) (Bartolome and Hoff, 1972) . This enzyme is involved in softening of fruits and vegetables during ripening and also in the firming effect of vegetables during blanching at temperatures between 50 -80 °C. Figure 5 shows the results obtained for the residual activity of PME after blanching and freezing. As expected, the activity of PME decreases by the increasing of blanching temperature, but the freezing rate seems also to influence the enzymatic activity. At 70 °C a higher activity of PME was observed for FPF (fast freezing), while at 80 °C higher activity was observed for GC (slower freezing). This effect is not noticeable at 90 and 97 °C where most of the enzyme is inactivation by the thermal treatment of blanching.
The duration of the blanching process, at 70 and 90 °C, also affects the amount of active PME (figure 6). As expected, the residual activity of the enzyme is higher at 70 than at 90 °C, the largest difference in activity between the two temperatures is observed for lower blanching times.
More similarity was observed between firmness and WHC than between firmness and PME. Comparing figure 3 and 5, a similar behaviour is observed for firmness changes and decreasing of PME activity for samples frozen by GC, while for FPF the decrease in PME activity does not result in a decreasing of texture. By comparing figure 4 and 6, for blanching at 90 °C the decrease of firmness follows the decrease of enzymatic activity, however at 70 °C, the decrease in PME activity to 40% of residual activity does not result in a decrease of firmness. As previous referred, the WHC values gives a measurement of the damage on cell structure caused by processing, since the structural damage also influence texture. Similar trend is observed between the changes of WHC and potato texture ( figure 2 and 4) , showing that some relationship exists between the two phenomena. The firmer texture was observed in samples having the highest value of WHC.
CONCLUSIONS
In this work, was verified that the textural changes evaluated in cooked potatoes, after blanching and freezing under several processing conditions, is very complex and several mechanisms are involved in the development of a given texture. This leads to difficulties in understanding the textural changes, but it also leads to the potential of creating a better texture by selecting the adequate blanching time/temperature combinations and freezing method.
The temperature and duration of the blanching treatment has an important effect on texture development. Blanching at 70 °C can lead to potatoes that after cooking retain a firmer texture compared with blanching at 90 °C for blanching times higher than 2 minutes. The texture of potatoes frozen with fastest freezing method (FPF -impingement) are firmer than the ones frozen by the air-blast freezing. Microstructural studies showed that impingement freezing FPF resulted in almost intact cells with the gelatinised starch still inside the cells, while in the air blast freezing the still intact cells are found swollen individually in a matrix of gelatinised starch and broken cells. FPF causes immediate freezing leading to an almost intact cellular structure. These results are in good agreement with the water holding capacity (WHC), which gives a good measurement of the damage on cell structure caused by processing. Results showed that potatoes frozen by FPF have a WHC between 90% and 94%, while GC showed lower WHC. The activity of PME seems to be influenced not only by the blanching temperature but also the freezing method. Blanching tim e (m in) % PME residual activity 70°C 90°C Fig. 6 . Effect of time on residual PME activity (%) after blanching at 70 and 90°C (frozen by FPF). 
